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ABSTRACT
This paper presents the development of a new non-contact acousto-thermal signature
(NCATS) nondestructive evaluation (NDE) technique. The physical basis of the method
is the measurement of the efficiency of the material to convert acoustic energy into heat,
and a theoretical model has been developed. The increase in temperature due to
conversion of acoustic energy injected into the material without direct contact was found
to depend on the thermal and elastic properties of the material. In addition, it depends on
the experimental parameters of the acoustic source power, the distance between sample
and acoustic source, and the period of acoustic excitation. Systematic experimental
approaches to optimize each of the experimental variables to maximize the observed
temperature changes are described. The potential of the NCATS technique to detect
microstructural-level changes in materials is demonstrated by evaluating accumulated
damage due to plasticity in Ti-6Al-4V and low level thermal damage in polymer matrix
composites. The ability of the technique for macroscopic applications in nondestructive

evaluation is demonstrated by imaging a crack in an aluminum test sample.
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INTRODUCTION

Mechanical loading of materials is well known to cause temperature changes [1-3].
Inducing temperature changes in materials, components, and structures through
mechanical loading and capturing the temperature change using a sensitive infrared (IR)
camera has been used effectively for nondestructive evaluation [4-7]. In general such
methods have been given different names such as vibrothermography, thermosonics, and
Sonic IR. [8-10]. The method has been effective in the detection of defects such as cracks
and delaminations in metallic, ceramic, and polymer matrix composites. One of the major
advantages of this technique is that large structures and structures with complex curvature
can be evaluated. The source of the thermal gradient in the temperature images that
identifies these types of defects has been attributed to the rubbing of the closed faces of a

crack or delamination [11, 12].

Experimentally, a small difference between vibrothermography [4, 9, 10] and
thermosonics/Sonic IR [8, 11, 12] can be recognized. In vibrothermography, the structure
is physically attached to a mechanical excitation source, such as a dynamic shaker or
vibrator, operating at frequencies from a few Hz to several kHz. In thermosonics an
ultrasonic horn, of the type often used for plastic welding, is used where the structure or
component is physically contacted by the ultrasonic horn and is excited at tens of kHz.
A problem with the contact based thermosonic method is in producing a consistent
contact between the horn and the sample to obtain a repeatable excitation for detection of
the damage of interest. Varieties of materials, including card stock, leather, Teflon,
aluminum sheet and foil, and copper, have been used to produce a repeatable contact with
some degree of success [13]. The location of test sample clamping points, pressure
applied at the clamps, and pressure applied at the horn tip have been reported to affect
results as well. Another problem is the high energy and high amplitudes at which the horn
is operated. In contact with sample the horn in effect hammers the sample [14]. It has
been suggested that contact excitation of this type will induce damage in the sample if not
applied correctly. This is supported by literature illustrating the use of a 20 kHz

ultrasonic horn to produce high cycle fatigue in samples [15-17]. However, proper
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management of the coupling process and excitation parameters can be used to mitigate

this risk.

In general, studies are reported in the literature [4-19] concerning mechanical excitation
of materials through physical contact and observation of heat generation that have
established the basic principles of acousto-thermal based nondestructive evaluation
(NDE) methodology for defect and damage evaluation. A major challenge to the
adoption of an acousto-thermal based technique for NDE is the requirement to
dynamically load the specimen/component. Designs of fixtures for components and
specimens to resonate at appropriate acoustic frequency are very challenging. Thus the
technique has remained a laboratory tool for evaluation of materials. The basic principle
of the technique presented here is the excitation of a material with high amplitude
acoustic waves without contact between the specimen and excitation source, and
measuring the change in the temperature caused by the interaction of acoustic waves with
the material. When the material undergoes a change that alters the acousto-thermal
coupling, the interaction between the acoustic waves and the material is modified,
causing a change in the expected temperature distribution in the material due to the
acoustic excitation. The basic mechanism of interaction between material and ultrasonic
wave to generate heat is described in Section 1. The experimental setup is described in
Section II. Optimization and calibration of individual components of the instrument to
observe non-contact acousto-thermal signatures in the material is described in Section III.
To illustrate the applications of the non-contact acousto-thermal technique, three
examples are presented in Section IV. The examples investigate accumulation of
plasticity in Ti-6Al-4V, detection of incipient thermal damage in polymer matrix

composite plate, and detection and imaging of a crack in an aluminum alloy component.

. Heat generation due to acoustic wave interaction with the material

When acoustic waves propagate in a material, part of the energy is lost to the material
due to absorption and scattering, a portion is reflected back to the source by the material,
and the remaining part is transmitted through the material. Part of the absorbed energy is

converted to heat, which is known as thermo-elastic loss. The temperature changes due to
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a thermo-elastic loss can be evaluated by analyzing the acoustic wave propagation in

materials [20, 21]. Consider a sinusoidal acoustic wave,

G = G, sin ot (1),
propagating in the material where o is the stress at any time t, o, is the maximum
amplitude, ® = 2nf, and f is the frequency of the acoustic wave. This produces a
sinusoidal strain g, in the material which will be out of phase with the stress by a phase
angle 8. Following Nowick and Berry [22], the average energy dissipation per cycle is,

o2

W =271 Tand| —1&X
2E (2).

where Tan 9, is the internal friction in the material, E is the Young’s modulus and G,y 1S
the maximum amplitude of the acoustic wave. Assuming that all the dissipated energy is
converted into heat under adiabatic conditions, the rate of change of temperature per unit

volume of the material is,

2
d_T _ 2t f Tand Gmax (3)
dt pCp 2E

where p is the density of the material and C, is the specific heat at constant pressure.

Considering heat loss to the environment, the rate of change of temperature can be
written as,

2
dt pC

k
~——(T-T,) @)
p 2E pCp

where k is the thermal conductivity of the material and T, is the ambient temperature.
Equation (4) shows that the conversion of acoustic energy to thermal energy depends on

both the elastic properties (E and tan 6) and the thermal properties (k, C,) of the material.

It is clear that a change in one or more material properties (k, C, E and Tan &) will result
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in a change in acousto-thermal energy conversion, and therefore a change in the amount
of thermal energy observed. This is the basis of the acousto-thermal NDE technique

described here.
1. Experimental method

A schematic of the experimental setup used for non-contact acousto-thermal signature
(NCATS) measurement is provided in Figure 1. The instrumentation consists of a high
amplitude acoustic wave generator (900 BCA, Branson Ultrasonics) operating at 20 kHz
with a maximum power output of 1000W. A sample is placed just ahead of the tip of the
horn, with an air gap between the horn and the sample. An infrared (IR) camera (Merlin
Mid-IR, Indigo Inc.) is placed on the opposite side of the sample to image the
temperature change in the sample. A computer is used to capture and analyze the
temperature data. When the high amplitude acoustic generator is excited the acoustic
waves propagate through the air gap and interact with the sample. Part of the acoustic
wave energy is reflected off the front interface and, part is transmitted into the sample. A
portion of the acoustic energy is transmitted through the sample, and a portion is
absorbed by the sample. The absorbed energy is converted into heat. The heat generated
increases the temperature of the sample and the IR camera detects the temperature

changes.

Since the acoustic horn does not come into contact with the sample during acoustic
excitation, the temperature change observed is only due to the conversion of acoustic
energy into heat and depends on the amplitude of the acoustic wave incident on the
sample, the distance between sample and the horn, and the material properties of the
sample. The temperature change in the sample is typically only a few degrees and
requires a high sensitivity camera for accurate detection. The measurements are
performed at ambient temperature, and the sensitivity of the IR camera should be very
high in the range of 20° to 25° C. Hence a careful calibration is required. From equation
(4) it is clear that the temperature change in the sample depends on the amplitude of the
acoustic waves interacting with the sample. The acoustic wave amplitude varies inversely

with the distance from the acoustic horn. Therefore, a minimum distance between the
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sample and the acoustic horn will yield the best signal to noise ratio. However, for non-
contact acoustic interaction with the sample, the acoustic horn must not come into contact
with the sample at any excitation power. This requires an accurate characterization of the
acoustic horn displacements to determine the minimum distance between the sample and

the acoustic horn.
a. Acoustic horn displacement and positioning

The high amplitude acoustic horn consists of a stack of piezo-electric transducers. When
the stack is excited by a 20 kHz sinusoidal signal, the longitudinal elongations of each of
the transducers in the stack add to produce a large longitudinal strain. This strain is
amplified by a mechanical booster. The strain generated by the booster is further
amplified by an exponential horn designed to produce its highest strain at the tip. The
horn is designed to have a tip that is an anti-node and displaces like a piston. The piston
like behavior of the horn tip was confirmed by measuring the out of plane displacement
of the horn tip with a laser vibrometer (Polytec model PSV-400, OFV-5000). Although
the motion was viewed in three dimensions as a movie, Figure 2 shows the view at two
extreme positions of maximum and minimum displacements and the neutral position. It

can be seen that the face of the horn moves like a piston when excited.

The acoustic horn displacement measurements were performed utilizing an optical fiber
displacement sensor (Model D20+H1PQ, Philtec, Inc.) in front of the acoustic horn. The
acoustic horn was excited with different power levels, and the wave form of the acoustic
signal and the absolute acoustic displacement was measured and recorded. Figure 3
shows the absolute displacement of the horn tip for different excitation powers. The horn
output is measured in terms of percent of the maximum power. In the range of power of
S00W through 1000W, the acoustic displacement is linear and the maximum
displacement was 180 um at the highest power level (1000W). These measurements are
used to determine the distance between the sample and the horn to ensure the horn does

not contact the sample during acoustic excitation.

Characterization of the acoustic displacements of the horn, as a function of input power,

determines the distance between the sample and the horn to prevent contact. The distance
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between the horn and the sample was set using mechanical methods. For ease of
operation the stack, the booster, and the exponential horn were assembled and set
horizontally on a support. A manual translation stage with micrometer is attached to the
support to enable and track the movement of the horn along its long axis. For
mechanically adjusting the distance, the acoustic horn was moved using the micrometer
to bring the acoustic horn into contact with the sample and establish the zero position.
From this point the micrometer was used to back the horn off the desired distance to
ensure it did not contact the sample when activated yet allowed maximum displacement.
This method was quite simple, easy to use, and works with any material. A drawback of
the method was that physical contact has to be determined by visual observation and
operator experience. To remove operator bias when the sample is electrically conductive,
an electrical resistance measurement can be used to determine contact. In this method, the
sample and the acoustic horn form part of an electrical circuit and the circuit resistance
was monitored to determine when contact occurs. When the two are not in contact the
resistance will be greater than 1 MQ and less than 100  when contact exists. This
method was reliably used to establish the physical contact between an electrically
conductive sample and the horn. Once contact was established, the acoustic horn was set

to the desired standoff distance using the micrometer.

Characterization of the temperature sensitivity of infrared camera

The changes in the temperature of the specimen due to acoustic excitation are imaged and
measured with the IR camera. The manufacturer quoted noise equivalent temperature
difference (NETD) 1s 0.025K. Although this was a measure of the high sensitivity of the
IR camera, the minimum temperature that can be resolved by the camera depends on the
A/D digitization rate and the temperature range in which the camera was used [23, 24]. In
the NCATS experiments, the temperature changes due to acoustic excitation are in the
range of 0.1 to 2 °C from ambient. Since the temperature changes are small, the camera
sensitivity was examined between room temperature and 35 °C. A black target was
immersed in a temperature controlled water bath (Haake DC30) and heated from 22°C to
35°C in steps of 0.5°C. The temperature of the black target was set to desired temperature

with a resolution of +/- 0.01 °C using the temperature controller. The temperature of the
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black target was measured with the IR camera. The sensitivity of the IR camera in the
temperature range of 22° to 35° C was found to be linear and the sensitivity was

determined as 0.0125 °C per count.

Characterization of Acoustic Horn Temperature

In the non-contact acousto-thermal technique the interaction of acoustic energy with the
sample is expected to produce a small change in the temperature. To ensure that the
temperature being imaged is only due to conversion of acoustic energy to heat, other
sources of heat needed to be eliminated. From the experimental setup it can be
recognized that the acoustic horn was closer to the sample than any other component of
the system. It is reasonable to assume that the large displacements of the horn would
cause the horn to heat by similar thermo-elastic effects, and this heat might be conducted
to the sample resulting in temperature changes in the sample. This was explored by
imaging the acoustic horn tip with an IR camera at increasing amounts of input power
(500W through 1000W) and periods of excitation from 250 ms to 1000 ms. The
temperature of the tip of the acoustic horn did not change for any combination of input
power levels and excitation duration tested. The length of the acoustic horn was designed
to be equal to a quarter wavelength, with the tip being an anti-node for maximum
longitudinal displacement. In a bar undergoing longitudinal resonances, the nodes are
formed at maximum compression while the antinodes are at maximum elongation. The
temperature at the nodes will be a maximum while at anti-nodes it will be a minimum.
Thus, at the anti-node (tip) of the horn the temperature rise is expected to be a minimum.
The tip of the horn is a free surface vibrating in air with minimum resistance while
propagating acoustic waves into the air. The combination of the tip being an anti-node
and the tip moving freely in air with minimum resistance appear to be reasons that there
was no observable change in temperature at the horn tip during the excitation at all input

power levels and durations tested.

Measurement of temperature changes in the sample due to acoustic excitation
The basic physical mechanism in the conversion of acoustic energy to heat in a sample is

described in eq. (4), and it shows that the conversion depends on the frequency and
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amplitude of acoustic excitation, absorption of acoustic energy, Young’s modulus,
specific heat, and thermal conductivity of the material. Apart from the intrinsic physical
properties, to observe a measurable increase in temperature the experimental parameters
need to be optimized. These parameters include, 1) the input power to the acoustic horn,
i1) duration of the acoustic horn excitation, and iii) distance between the sample and the
horn tip. An experiment using a sample of Ti-6Al-4V was performed to investigate and

optimize the experimental parameters.

a. Temperature changes in the sample for fixed distance between sample and
the horn, fixed excitation time and varying input power.
The distance between the acoustic horn and the sample was set at 300 um. The excitation
time of the horn was fixed at 250 ms and the time-temperature response was measured at
different power levels from 500 W to 1000 W in 100 W increments. Figure 4, shows the
time-temperature response for six different input powers collected over a period of 2.75 s.
It is clear from the figure that the temperature of the sample increased rapidly, attained a
maximum and then decreased slowly. In general for all input powers, the shape of the
curves is similar. The maximum temperature attained by the sample increased with
increasing excitation power. The sample reached maximum temperature after 250 ms
after acoustic excitation for all the input powers. It is interesting to note that the time-
temperature behavior observed in NCATS measurements is similar to the laser flash
method used to measure thermal properties of materials [25] and conventional

thermography used in NDE technique [26, 27].

b. Temperature changes in the sample for fixed power and fixed distance for
different excitation durations

The sample-horn distance was set to 200 um, such that for a 1000 W excitation there is

no contact between the sample and the acoustic horn. The time-temperature response was

collected for excitation durations (pulse lengths) of 250ms, 500ms, 750ms and 1000ms

and is shown in Figure 5. The general features of the time-temperature responses are

similar to Figure 4. For all excitations the temperature of the sample increased to a

maximum and then decreased gradually. The maximum temperature attained by the
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sample increased with increasing acoustic excitation duration. The time required for the
sample to reach maximum temperature increased with the duration of excitation from 685

ms for 250 ms excitation time to 1335 ms for 1000 ms excitation period

c. Temperature changes for fixed input power and fixed duration of excitation for

varying distances between sample and the horn

To examine the temperature changes for fixed input power and fixed duration of
excitation for varying distances between sample and the horn, the input power was held
constant (1000 W or 800 W) and duration of excitation was chosen to be 250 ms. The
distance between the horn and the sample was varied using the micrometer attached to
the acoustic horn. Care was taken to set the distance such that the horn would not contact
the sample, a minimum of 180 um. At each distance time-temperature response was
obtained and the maximum temperature attained by the sample was determined. Figure 6
shows the variation of maximum change in temperature with distance between the sample
and the horn for excitation power of 1000W and 800W. The measurements show that the
maximum temperature change in the sample decreases with increasing separation

between the sample and the acoustic horn.

Analysis of measurement of change in temperature of the sample due acoustic interaction
shows that it depends on the input power to the horn, distance between the sample and
the horn and the duration of excitation. The change in the temperature of the sample
increases with increasing input power, for a fixed distance between sample and the horn
and duration of excitation of the horn. On the other hand it decreases with increased
distance of separation between sample and the horn. The results of the measurements are
used to optimize the temperature observed in a material by adjusting the input power to

the horn, duration of excitation and distance between the sample and the horn.

Demonstration of the applicability of NCATS
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Three different types of samples, flat dog bone Ti-6Al1-4V, polymer matrix carbon fiber
composites and aircraft aluminum alloy wheel were used to demonstrate the applicability
of the NCATS system. Ti-6Al-4V samples were used for examining the optimization of
the NCATS system and to evaluate damage due to plasticity. Polymer matrix composite
samples were used to demonstrate the capability of the NCATS technique to evaluate
incipient thermal damage in composite structures. An aluminum aircraft wheel with a
crack was used to show the applicability of the technique for nondestructive evaluation

and detection of defects (cracks) in components.

a. Accumulated damage due to tensile loading

It is well known that ductile metallic materials undergo plastic deformation under
uniaxial loading beyond the yield stress. With continued loading the material will reach
its ultimate stress and further loading will cause it to fracture. The relationship between
the stress-strain curve and changes in microstructure during deformation in ductile
metallic materials has been studied over the last several decades, and a general
understanding has been obtained. In the elastic region, the material can recover with no
measurable changes in behavior or structure. Beyond the yield stress, due to the
generation, accumulation, and motion of dislocations, the metal can no longer completely
recover from the induced strain. The accumulation of dislocations increases the hardness.
Continued plastic deformation increases dislocation density until the beginning of
necking and void formation. Voids form at favorable locations in the microstructure and
grow in the interior of the sample with continued plastic deformation. Micro-cracks form
later due to void coalescence or void growth. Eventually the micro-cracks grow large
enough and cause the sample to fracture.

A ductile material subjected to stresses beyond the elastic limit contains
accumulated damage in the form of increased dislocation and evolving dislocation
structure. The accumulated damage can produce a small (of 0.1% to 1%) change in the
elastic modulus, electrical conductivity and thermal conductivity. Thus, conventional
NDE techniques based on ultrasonic, eddy current, and thermographic methods have
limited ability to detect this relatively low level damage caused by plasticity. This is

because conventional NDE techniques measure the elastic modulus, damping, thermal

11

Approved for public release; distribution unlimited.



conductivity or specific heat individually, and in many cases the measurement methods
do not have the sensitivity to observe the very small changes in these parameters due to
plasticity. NCATS does not measure a single property, but a combined effect. As evident
in Equation (4), the NCATS signature is not only sensitive to the elastic modulus, thermal
conductivity, and specific heat, but the internal friction (tan ) has critical contribution to
temperature changes. It is clear from equation(4), that the NCATS response is a
combination of multiple physical properties and a small change in any one may lead to an
observable change in AT, thus improving the detection of small material property
changes in a material due to plasticity.

To demonstrate the feasibility, flat dog-bone Ti-6Al-4V samples having a gage
section of 25.4mm x 12.7mm x 2.3mm were used in experiments. The material had an
equiaxed microstructure comprised of 60% of primary alpha and 40% alpha-beta
lamellas, an average grain size of 20 um, and less than 10% crystallographic texture [28,
29]. The samples were annealed to remove any residual stresses resulting from
machining. The removal of residual stress was confirmed by X-ray diffraction residual
stress measurements.

The NCATS tests were performed with a stand-off distance of 200 um between
the sample and the ultrasonic horn, pulse duration of 1 s, and the horn power set at 1000
W. The pulse duration and power were the same for all the measurements. A servo-
hydraulic test machine was used to plastically deform the sample, while the strain in the
sample was measured with an extensometer. The sample was strained in increments of
2%, and the load was brought to zero after each strain increment for NCATS
measurements. After each measurement the sample was subsequently loaded and the
plastic strain was increased by 2%. This was continued until the sample fractured. A
computer controlled data acquisition system was used to record the load, displacement,
strain and temperature measurements during the experiments. From the change in
temperature versus time (AT-t) data, the maximum change in the temperature (ATmax)
realized by the sample during the acoustic excitation was determined. A composite stress-
strain to fracture curve was also built from the stress-strain curve of each increment of
plastic strain. The variation of ATy,,x with accumulated strain in the sample is shown in

Figure 7. The composite stress-strain (c—¢) curve is provided in Figure 8.

12

Approved for public release; distribution unlimited.



The NCATS temperature change measurement as a function of strain has a
different behavior compared to the stress-strain curve. The temperature change is
unchanged, 1.6 C until the strain increased beyond 4%. The temperature change
increased approximately linearly up to 14% strain, reaching a maximum of plastic strain
and beyond the temperature decreased with increasing strain until sample fractured at
greater than 20% strain.

Although the temperature changes are sensitive to the plastic strain, the maximum
did not occur at the ultimate strain in the sample. The ultimate stress occurred at a strain
of 10-11%, the maximum change in temperature in the NCATS measurements occurred
at 14% strain. One possible explanation for the increased contribution to heating is the
formation of internal voids prior to the onset of ultimate stress and creation of micro-
cracks due to growth or coalescence of voids. During acoustic excitation, opposing faces
of the voids and cracks can rub against each other, producing additional frictional heating
[30] that makes the temperature changes in the sample to appear at 14% strain rather than
at 10-11% expected at the ultimate stress inferred from stress-strain curve. Beyond 14%
of strain, the crack faces separate significantly and do not produce frictional heating
during acoustic excitation. X-ray computer tomography of the fractured sample showed
the presence of cracks with separation widths of 7-10 um [30] that is much larger than

the displacements that can be produced by the acoustic excitation in the sample.

Heat damage in polymer matrix composite

When exposed to temperatures approaching or exceeding the glass transition temperature,
the strength of polymer matrix composites (PMCs) has been found to decrease. When the
temperature is high enough the damage can be seen as charring, blistering and other
obvious surface features. This is extensive damage that can be detected visually without
much difficulty. When the damage is not visible, ultrasonic and thermography NDE
techniques have been valuable in detecting damage due to sub-surface delamination.
Thermal exposure of PMCs can cause subtle damage that may not induce delaminations.
This low level “incipient damage” has been shown to decrease the strength significantly
[31, 32]. During exposure to high temperatures, both physical and chemical properties of

the polymer matrix can change, including properties such as elastic modulus, density,

13

Approved for public release; distribution unlimited.



thermal expansion, thermal conductivity, or heat capacity. The basic physical
mechanisms of NCATS, as described by eq. (4) are sensitive to many of the thermal and
elastic properties that change in polymers during thermal exposure. It is the combination
of thermal properties, elastic properties and the density that yields the temperature change
produced by NCATS. Therefore, NCATS should be sensitive to incipient thermal
damage in polymer matrix composites.

Polymer matrix composite samples with carbon fibers in epoxy were used to demonstrate
the sensitivity of NCATS to heat damage. A flat plate sample was exposed to high
temperatures by focusing heat generated by a lamp onto a spot. Different regions on the
sample were exposed to high temperature for different amounts of time while the lamp
distance and focal spot area were kept constant. Three regions with exposure times of 180
s, 360 s and 540 s producing light, medium and heavy damage regions were chosen for
measurements and compared with an undamaged region. NCATS measurements were
performed by placing the region of the sample just ahead of the horn tip (distance of 200
um). The time-temperature (AT-t) data was collected on the opposite side of the sample
in line with the horn for varying input power to the horn (5S00W to 1000W). Maximum
change in the temperature of the region on the sample was determined for each of the
locations. Figure 9 shows the maximum change in temperature for undamaged, light,
medium, and heavily damaged region for varying input power to the horn. Apparent is
the reduced AT as damage increases, especially at the higher horn powers. The only
exception is the most heavily damaged regions, which showed some anomalous behavior
at the lower horn power settings. This may be due to the fact that in the heavy damaged
region, the matrix has been excessively charred and the fibers are separated from the
matrix. The reduction in the fiber matrix interface contact possibly reduces the
contribution of frictional heating, leading to lower rate of increase compared to other
damages. These results indicate that NCATS has significant potential in detecting heat
damage in composite materials. Detailed measurements on a separate composite system

have shown that the NCATS results correlated with a loss of mechanical strength [31-34].

d. Detection of cracks in an aluminum aerospace component
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The previous two examples of NCATS were related to detection of plasticity in metallic
materials and thermal damage in polymer matrix composites. The damage evaluation in
both cases was evaluated using the conversion of acoustic energy into heat. It was
hypothesized in the evaluation of accumulated damage due to tensile loading in Ti-6Al-
4V, formation of internal voids and micro-cracks and the friction between the faces of the
cracks produce additional heating. It has been observed that in a closed crack, the friction
between the faces of the crack can generate heat that is far greater than the heat produced
by direct interaction between the acoustic waves and the material. Imaging of the heat
generation by the frictional heating of the cracks has been used effectively to detect
cracks in materials and components [8-12]. While the experiments reported in the
literature have been performed with a direct contact of the acoustic horn with the
sample/structure the present example was chosen to demonstrate the potential of the
NCATS technique for imaging cracks. The structure used to demonstrate this was a large
460 mm dia., 13 mm thick and 180 mm wide aluminum wheel component. A
circumferential crack was identified by more traditional NDE techniques of ultrasonics
and eddy current. The approximate length of the crack was 30 mm. To detect the crack in
the wheel using NCATS, the wheel was supported on three metallic hemispheres. The
acoustic horn was placed on the outside of the wheel approximately in the radial
direction. The distance between the horn and the wheel was set to approximately 300 pum.
The power of the horn was set at 1000 W and the pulse duration of 250 ms was used. The
IR camera was placed above the wheel viewing the region directly opposite to the horn
tip. After exciting the horn a series of thermal images as a function of time was collected.
One of the images that reveal the crack is provided in Fig 10. The contrast in the image is
due to the variation in the conversion of acoustic energy to heat by aluminum. The
presence of crack modifies the uniform conversion of acoustic energy to heat. The
variation in this heat generation helps in detecting and identifying the crack.

Although cracks can be detected and identified using NCATS, it would be
necessary to scan the entire structure point by point. Alternative approaches such as Sonic
IR or thermosonix use the large amplitude motion of the entire structure to generate heat
in local regions where cracks are present, and being full field visualizing techniques are

more convenient for such applications.
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Conclusions/Summary

This paper discussed the development and initial assessment of a new non-contact
acousto-thermal NDE method that interrogates the ability of a material to convert
acoustic energy to heat. To better understand the basic mechanisms and the material
properties involved in the process of the acousto-thermal conversion, the loss of acoustic
energy into heat during the propagation of the acoustic wave in the material was
analyzed. An expression that relates the change in the temperature of the material due to
the propagation of an acoustic wave of frequency f and amplitude G, to the elastic (E
and tan 6) and thermal (k and C,) properties of the material has been used to establish
that the conversion of acoustic energy to heat is a combination of both thermal and elastic
properties of the material and forms the physical basis of the acousto-thermal NDE
method. An experimental setup consisting of an ultrasonic horn capable of producing
high amplitude acoustic waves, a high sensitivity IR camera, and computer data
acquisition hardware were used to detect and measure the change in the temperature of
various samples. The IR camera was calibrated in the room temperature range and the
sensitivity (NETD) was established to be 0.0125 C per count. Since the temperature
changes in the material depend on the amplitude of the acoustic waves, the distance
between the acoustic horn and the sample, and the duration of the acoustic excitation, a
systematic study was performed to optimize these parameters. Temperature changes in a
sample of Ti-6Al-4V due to acoustic interaction was measured for varying input power,
for varying distances between sample and the horn, and for varying duration of excitation
to establish optimal experimental conditions. Measurement of the acoustic horn
displacements at increasing power settings was used to establish a distance of 200 pm
between the acoustic horn and the sample is required to prevent horn-sample contact. A
detectable temperature change can be observed with a minimum horn-sample distance
and maximum horn power. However, from an application stand point longer excitation
time, larger horn tip sample distance, and minimum excitation power achieve the same
temperature change and should be used to avoid horn-sample contact and any possibility

of excitation induced damage.
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Optimized experimental conditions were used to demonstrate the applicability of the
NCATS technique for NDE of accumulation of plasticity in Ti-6Al-4V and thermal
damage in polymer matrix composites. Feasibility of the technique to detect and image
cracks was demonstrated by imaging a crack in aluminum alloy component. Further
improvements for quantitative nondestructive evaluation of materials state will require

additional analysis, testing, and theoretical/computational modeling of the technique.
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FIGURE CAPTIONS

Figurel.

Figure 2:

Figure3.

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Schematic of the NCATS experimental setup.

Displacement amplitude across the ultrasonic horn during vibration.

(Maximum displacement: 180 um)

Displacement of the horn with increasing input power.

Figure 4: NCATS Time —Temperature signatures at different input powers
to the horn. Distance between horn and sample: 300 um. Duration of

excitation: 250 ms. Sample: Ti-6Al-4V.

NCATS Time —Temperature signatures for increasing excitation time of
the horn. Input Power to the horn 1000W. Distance between sample and
horn: 200 pm. Sample: Ti-6Al-4V.

Change in maximum temperature in the sample for varying distances
between sample and the horn. Horn power settings: 1000 W and 800 W.

Duration of excitation: 250 ms. Sample: Ti-6Al-4V

Maximum change in temperature with increasing plastic strain

in Ti-6Al-4V.

Composite Strain-Strain curve for Ti-6Al-4V sample.

Maximum temperature in NCATS measurements on heat damaged

composite samples with increasing power to the horn.

NCATS imaging of a crack in aluminum wheel component.
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Figurel. Schematic of the NCATS experimental setup.

22

Approved for public release; distribution unlimited.



Figure 2: Displacement amplitude across the ultrasonic horn during vibration.

(Maximum displacement: 180 um)
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Figure 3. Displacement of the horn with increasing input power.
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Figure 4: NCATS Time —Temperature signatures at different input powers to the horn.
Distance between horn and sample: 300 wm. Duration of excitation: 250 ms.

Sample: Ti-6Al-4V.
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Figure 5: NCATS Time —Temperature signatures for increasing excitation time of the
horn. Input Power to the horn 1000W. Distance between sample and horn: 200 pm.

Sample: Ti-6Al-4V.
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Figure 6: Change in maximum temperature in the sample for varying distances between
sample and the horn. Horn power settings: 1000 W and 800 W. Duration of excitation:
250 ms. Sample: Ti-6Al-4V
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Figure 7: Maximum change in temperature with increasing plastic strain in Ti-6Al-4V.
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Figure 8: Composite Strain-Strain curve for Ti-6Al-4V sample.
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Figure 9: Maximum temperature in NCATS measurements on heat damaged composite
samples with increasing power to the horn.
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Figure 10: NCATS imaging of a crack in aluminum wheel component.
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